Purpose: At 7 Tesla (T), conventional static field (B 0 ) projection mapping techniques, e.g., FASTMAP, FASTESTMAP, lead to elevated specific absorption rates (SAR), requiring longer total acquisition times (TA). In this work, the series of adiabatic pulses needed for slab selection in FASTMAP is replaced by a single two-dimensional radiofrequency (2D-RF) pulse to minimize TA while ensuring equal shimming performance. Methods: Spiral gradients and 2D-RF pulses were designed to excite thin slabs in the small tip angle regime. The corresponding selection profile was characterized in phantoms and in vivo. After optimization of the shimming protocol, the spectral linewidths obtained after 2D localized shimming were compared with conventional techniques and published values from 
INTRODUCTION
High resolution MR spectroscopy (MRS) benefits from the use of higher field-strength through the broader spectral dispersion and sensitivity increase (1, 2) . Adjustment of the static field, or B 0 shimming, is especially important as it defines the spectral resolution, hence, the capability to separate between neighboring metabolite resonances. Cautious magnetic field shimming relies on an iterative process consisting of: B 0 field characterization (or field mapping) and compensation by adapting the power of shim coils (3, 4) .
Field mapping methods can be split in two groups-3D B 0 mapping (5-7) and projection mapping (8) (9) (10) (11) (12) .
The 3D techniques assess B 0 in each voxel. They are frequently used for MRI or MR spectroscopic imaging (MRSI), both requiring good B 0 homogeneity over a large field of view (FOV). On the other hand, projection mapping techniques only use a few orientations to compute the spherical harmonics components of the local B 0 field (9) . Because local variations are easily compensated by first-and second-order shims, these methods result in a considerable gain of time compared with threedimensional (3D) acquisitions, six directions being sufficient to characterize B 0 up to the second order with high spatial sampling. Local fields can be rapidly characterized with high accuracy, making projection mapping a widely used technique in single voxel MRS (13) .
In both methods, field mapping is performed by acquiring at least two datasets with distinct echo times (TE). The phase accumulated during the TE difference is proportional to the local B 0 field. Using multiple TEs after a single excitation allows for fast B 0 mapping over a large scale range of inhomogeneities. By combining projection mapping and multiple read-outs, FASTESTMAP (10) can provide efficient multiscale B 0 field characterization.
Historically, FASTMAP and its derivative techniques (8) (9) (10) (11) (12) have incorporated more and more adiabatic radiofrequency pulses to compensate for the increased B 1 field inhomogeneity at high field. Its most recent implementation consists of one p/4 and four p adiabatic pulses (10) . The drawback to this robustness against B 1 inhomogeneity is an increased RF energy, making the technique less suitable for rapid field mapping. Specific absorption rate (SAR) limitations lead indeed to elevated repetition times (TR) and restrain the potential of FAST-MAP and FASTESTMAP at high field.
The aim of the present study was to replace the series of adiabatic pulses needed for columnar/cylindrical selection by a single 2D-RF pulse and to compare the performance of the resulting technique with literature values and with the presently implemented method.
METHODS
All of the experiments were performed on a Siemens 7 Tesla (T) / 68 cm head scanner (Siemens Healthcare, Erlangen, Germany) using a single-channel quadrature transmit and 32-channel receive coil array (Nova Medical Inc., Wilmington, MA). A 16 cm diameter sphere filled with water þ 0.8% sodium acetate (Na, C 2 H 3 O 2 ) and 1% formaldehyde (Li, C 3 H 5 O 3 ) was used for experimental profile characterization.
Gradient Waveform and RF Pulse Design
The objective was to design a single 2D-RF pulse for moderate excitation (flip angle: FA < 45 ) of a small "pencil" 2D profile at 7T. B 0 variations induce spins dephasing and introduce distortions and blurring in the profile of long multidimensional RF pulses (14, 15) . As a result, pulse durations and gradient trajectories were kept as short as possible. The efficient k-space coverage of the spiral trajectory ensured minimization of the pulse shape duration (16, 17) .
Given the cubic shimming voxel size, a, the desired radius, r 0 , of the excited cylinder was determined using the empiric "rule of thumb" formula:
. This threshold ensured that the slab was thin enough so that the phase difference measured between two projections was dominated by the variations along the cylinder, and phase variations perpendicular to each cylinder could be neglected. Aliasing lobes inherent to spiral trajectories (18, 19) were pushed far outside the brain by setting their location r 1 at 24 cm. The other spiral parameters, such as number of spiral turns N spirals and extent in k-space k max (in cm À1 ), were then derived from r 0 and r 1 (in cm) using k max ¼ 1=ð2r 0 Þ and N spirals ¼ r 1 =2r 0 .
Following hardware constraints (maximum gradient strength 80 mT.m
À1
, maximum slew-rate 330 mT.m
.ms
), spiral-in gradient waveforms using exponential (20) and polynomial slew-rate recovery (21) around the k-space origin were designed and compared with the linear gradient waveform described by Ahn et al and Pauly et al (22) (23) (24) .
The gradient waveforms were calculated with a 10 ms time interval to match the raster-time of the waveform generator and the k-space trajectory was resampled onto a 1 ms raster to meet the dwell-time of the RF amplifier. As in Pauly et al (23) , the RF pulse was shaped as the Fourier Transform of a circle of radius r 0 . The resulting first-order Bessel function, possessing a single zerocrossing in k max , was convolved-for apodization-with a radially Gaussian function. The resulting shape was then weighted by the k-space density compensation function (18) . The radially monotonous behavior of the spiral trajectory and desired profile led to slowly varying RF pulse shapes, as illustrated in Figure 1a .
RF Energy Deposition
Energy depositions of the adiabatic RF (E AD ) and 2D-RF (E 2D ) pulse versions of FASTMAP/FASTESTMAP were calculated and compared for various projection radii (0.7-2 cm) in our range of interest for MRS (voxel size: 3.0-8.5 cm). TR and FA were kept identical to the values used in the full adiabatic implementation of the sequence (FA ¼ 45 , TR ¼ 3000 ms). The relative SAR (rSAR, in %) of the 2D-RF pulses was computed using the following formula: rSAR ¼ 100 * E 2D /E AD .
Total Acquisition Time
In addition to the reduced energy deposition, and therefore minimum available TR, using a 2D-RF pulse offers a third advantage in terms of reduced TE. With spiral-in gradients, the center of excitation k-space is reached at the end of the gradient waveform. TE is then only constrained by the read-out defocusing gradient duration and half of the acquisition period. In this study, reducing TE from 31 to 5 ms was used to reduce both TR and FA, to the Ernst angle FA Ernst ¼ acosðexpðÀTR=T 1 ÞÞ, while keeping a signal level similar to that of the initial sequence.
Based on the T 1 of gray matter at 7T (25) (T 1GM ¼ 1.9 s), the GE MR signal was simulated for several values of TR (100-3000 ms) and corresponding FA Ernst . TR was then minimized while a signal level equal to that of the adiabatic implementation of the method was maintained.
Gradient System Calibration and Excitation Profile
Despite gradient system pre-emphasis adjustment, nonnegligible eddy currents can remain and be amplified by the intensive gradient slew-rate. It has been shown that eddy currents can be considered in a first approximation as delays between two gradients, or between gradients and the RF pulse shape (18) . As in Davies and Jezzard and Robison et al (26, 27) , additional delays were implemented to compensate for such effects.
2D-RF pulses were used as excitation pulses on a 3D gradient-echo (GE) sequence to visualize the full spatial profile of the cylinder (radius 0.7 cm, pulse duration 5.17 ms). The 3D-GE parameters were: TR/TE ¼ 500/5 ms, FOV 200 Â 200 Â 192 mm 3 , matrix size 256 Â 256 Â 32. The cylinder was shifted to the position (x 0 , y 0 ) by modulating the 2D-RF pulse phase by the instantaneous frequency vðtÞ ¼ k x ðtÞ:x 0 þ k y ðtÞ:y 0 , where k x (t) and k y (t) represent the temporal positions inside the excitation kspace, corresponding to gradients waveforms along axes X and Y, respectively. As in Davies and Jezzard (26) , delays between the X and Y gradients and the RF pulse shape were then adjusted manually on a 1 ms scale to minimize profile distortions and errors between the experimental and theoretical excitation locations, defined by (x0,y0) ¼ [(0,50), (0,À50), (50,0), (À50,0)] mm. The experiment was repeated with a different orientation to adjust the delay between the 2D-RF pulse shape and the Z gradient.
To characterize the experimental excitation profile at high resolution, the 2D-RF pulses were implemented as excitation pulses on a single slice Spin-Echo (SE) sequence, as in Pauly et al (23) . . The optimal FA was adjusted to ensure compliance to the small tip angle approximation and good spatial selectivity. The experimental profile was then characterized in vivo (occipital cortex, slab orientation ¼ YZ) after global shimming and compared with simulations in a perfect medium, after estimation of the Cayley-Klein parameters for the rotation introduced by the RF pulse (28) .
Shimming Process
In practice, a full shimming process requires several iterations of projection mapping with different phase evolution times DTE. Typically, first-order shims (X, Y, Z) compensate for large B 0 perturbations fitted with a small DTE (on the order of 2 ms at 7T) that cannot be accessed using multiple echo sequences, such as FASTESTMAP (10) . The evolution time is increased and the static field further adjusted in the range DTE 2 [2-8] ms by successive iterations of: mapping along six projections followed by first-order shim-compensation (8) . Residual B 0 variations can be easily mapped in a short amount of time using only a few FASTESTMAP iterations, each probing six different DTE values in the range ms. A very conservative protocol was used here to show the algorithm convergence in various brain regions. The full localized shimming process used at 7T in (1,29) is detailed in Table 1 . The final quality of B 0 shimming is assessed by calculating the average water spectral linewidth inside the volume of interest (VOI).
In Vivo MR Protocol
For in vivo validation at 7T, the new shimming algorithm was tested in the brain of 14 healthy subjects (age 21 to 35). Volunteers gave informed consent according to a procedure approved by local ethics committee. Two dielectric pads (D 2 O þ 20 % BaO 3 ,Ti) were placed around the subject's head near the occipital lobe and the left hemisphere to enhance the local B 1 field coverage in the regions of interest (30, 31) . Six VOIs were delineated (occipital cortex, frontal white matter, posterior cingulate, putamen, substantia nigra, and cerebellum) to cover regions across most of the human brain. The VOI was adapted to the size of the anatomical structure, with the volume varying between 1 mL (substantia nigra) and 8 mL (occipital cortex, frontal white matter, posterior cingulate).
After global shimming using standard 3D B 0 field mapping, anatomical images were acquired using a two echo- The difference between the water spectral linewidths obtained in the occipital cortex with the AD-RF and the 2D-RF versions of the localized shimming method was tested for statistical significance (N ¼ 7) . The twosample paired student t-test was used to calculate the probability (P) value that the two resulting FWHM H2O values were equal.
In all six VOIs (seven subjects per ROI, total of nine subjects) the results obtained after 2D-RF shimming were also compared with the literature on localized shimming at 7T (1, (34) (35) (36) (37) . In particular, Emir et al (34) was used for reference (mean 6 standard deviation of FWHM H2O,ref in each VOI). A two-tailed Welch t-test (unequal sample size and variance) was used to test the null hypothesis that the two population means FWHM H2O and FWHM H2O,ref were different. For both tests, a P-value P < 0.05 was regarded as significant.
The neurochemical profile was quantified in the posterior cingulate of one additional subject to illustrate the good quality of the spectra acquired after 2D-RF localized shimming. The proton spectrum was acquired with a semi-adiabatic SPECIAL localization sequence (38) (TR/TE ¼ 7500/12 ms, BW ¼ 4000 Hz, 2048 points, RF pulse frequency offset ¼ 2.3 ppm, NA ¼ 32, TA ¼ 4 min). VAPOR water suppression (WS) was interleaved with blocks of outer volume saturation (OVS) to minimize the unwanted water and lipid contamination (13, 29) . The spectrum was fitted and quantified with LCModel (39) using a basis set including simulated spectra of 20 metabolites with published values for chemical shift and J-coupling (40, 41) . The macromolecule baseline was measured experimentally. The LCModel analyses were carried out from 0.2 ppm to 4.2 ppm. We used the Cramer-Rao lower bound (CRLB) as a marker of quantification reliability (39, 42) . Metabolites with CRLBs below 20 % were considered to be unambiguously identified and quantified.
RESULTS

Gradient Trajectory
To shim a 30 Â 30 Â 30 mm 3 voxel (common size for MRS), spiral gradient waveforms and pulse shape were designed to excite a slab with radius r 0 ¼ 0.7 cm inside that cube. The different gradient durations found by using the exponential, polynomial, or linear slew-rate design approach were 5.17 ms, 5.25 ms, and 7.68 ms, respectively. As expected, the methods proposed by Zhao et al (20) and Glover (21) , working at maximum performance except at the vicinity of the k-space center, showed a substantial gain of time compared with the constant linear velocity spiral trajectory (22, 23) . As in Nehrke et al (18), we chose Zhao's exponential time constant t ¼ 50 ms, the smallest multiple of the gradient dwell time (10 ms) that would not cause a slew rate overshoot near the center of k-space, resulting in the 5.17-ms-long spiral gradient waveforms (Fig. 1a) , with corresponding gradient slew-rates and excitation k-space coverage (Figs. 1b and 1c) , respectively. The expected profile for a 0.7 cm radius cylindrical excitation and flip angle of 30 ( Fig. 1d) showed that the first aliasing lobe radius exceeded by far the brain dimensions.
RF Energy Deposition
For cylinder radii in the range [0.7-2.0] cm, we found rSAR values in the range [0.02-0.11] % between a single 2D-RF pulse and the five adiabatic RF pulses used for projection mapping (i.e., 900 to 5000 times lower SAR). Based on this dramatic reduction in overall RF power deposition, the choice of TR was no longer limited by SAR, and could be reduced well below 3000 ms to decrease the overall time needed for shimming.
Reduction of Total Acquisition Time
Using a single 2D-RF pulse allowed a significant reduction of TE from 31 to 5 ms, resulting in a 225 % SNR increase in gray matter. TR ¼ 500 ms (and FA ¼ FA Ernst ¼ 40 ) were found sufficient to obtain a signal level equivalent to that of the full AD implementation, as seen in Table 2 . As a result, only 6 and 3 s were needed to acquire six projections with FASTMAP and FASTEST-MAP. Based on these parameters, the total time needed for shimming was decreased by 83% per iteration without any signal loss (see Table 2 ). Using adiabatic versus 2D-RF pulses the total shimming durations (according to the protocol detailed in Table 1) were 237 s versus 42 s, respectively. These included the 3000 ms settling times required by the hardware when modifying second-order shim currents.
Experimental Excitation Profile
The experimental profiles generated in a spherical phantom (see Fig. 2a ) by 30 2D-RF pulses whose long axes were oriented along XY or Z are illustrated in Figure 2b and 2c (coronal planes). As seen in Figure 2c , the excitation profiles in slices orthogonal to the cylinder axis were well localized on the different axes and did not require the implementation of extra delays between the RF and the different gradient waveforms. These results were found to be reproducible and independent of the radius and slab orientation (data not shown). This suggested a good pre-emphasis system calibration and little evidence of eddy currents effects, even at maximum slew-rate.
Experimentally, the FWHM of the r 0 ¼ 0. ) showed good agreement between the theoretical and experimental spatial profiles for small FA 2D-RF pulses (FA < 30
). Because the optimal FA was estimated around 40 and our 2D-RF pulse design based on the small tip angle approximation, the true FWHM of the slab was likely to exceed its nominal value. Our simulations showed that the theoretical GE signal level at TR ¼ 500 ms did not vary much (< 10 %) in the range FA 2 . As a result, FA ¼ 25 was chosen to maintain a reasonable FWHM and signal level (> 90 %, see 2D-#2 in Table 2 ) inside the cylinder.
A slab profile measured in vivo (Fig. 2d) is illustrated in Figure 2e (occipital cortex, ZY orientation). As in Figure 2c , the MR signal originated mainly from the cylinder. In a plane transversal to the cylinder axis (see plain line in Fig. 2e ), the excitation pattern (Fig. 2f, circles) closely matched the ideal profile (dotted line, Gaussian distribution, FWHM sim ¼ 2*r 0 ¼ 14 mm). The nine directions of interest (three physical axes, six side-diagonals of the cube) were tested and showed very similar profiles. Only one direction is illustrated in the figure for clarity. The 2D-RF pulses present good spatial selectivity and very little residual excitation. 
2D-RF FASTMAP
Water Spectral Linewidth
After localized shimming, the FWHM H2O obtained in the occipital cortex were in the range [12.5-13.4 ] Hz, in agreement with values reported at 7T (1,34,37 ). There was no statistical difference (N ¼ 7, P > 0.5) between the water spectral linewidths obtained, when using either 2D-RF excitation or adiabatic RF pulses.
The fast 2D-RF shimming protocol was applied to five additional brain regions (N ¼ 7). As seen in Figure 3 , the FWHM H2O were in very close agreement with the values reported by Emir et al (34) . Water spectral linewidths were only found significantly different (P < 0.05) in the cerebellum, where our measurements (13.2 6 1.1 Hz) were somewhat smaller than the value reported in (34) (14.5 6 0.6 Hz).
Neurochemical Profile
Narrow water linewidths constitute at high field a good indicator that a large number of brain metabolites can be properly identified and that their concentration can be quantified with precision using MRS. The spectrum of Figure 4 was acquired after localized shimming in the posterior cingulate. The quality of the spectrum and fitting is characterized by efficient water suppression, absence of lipid contamination and very little residual fitting and flat spline baseline. A large number of metabolites were identified and quantified according to well established criteria (15 metabolites with CRLB < 20%, see Table 3 ), in agreement with other MRS studies at 7T using short acquisition times (29) .
DISCUSSION AND CONCLUSIONS
The present study shows that efficient localized shimming at high field using projection mapping with 2D-RF pulses is possible. The spectral linewidths obtained in various brain regions were as narrow as those obtained using conventional projection mapping with adiabatic RF pulses (10) and B 1 shimming (34) . Compared with the SE implementation, the GE method using 2D-RF pulses deposited far less RF energy (0.1%) and allowed to decrease TR and the total shim time (À83%) with equal performance.
In practice, the shimming volume needs to be larger than the VOI to perform efficient OVS, WS and to quantify brain metabolites with precision. Choosing a slab thickness of r 0 ¼ 0.7 cm provided an suitable trade-off between NMR signal and RF pulse duration (5 ms) for conventional VOI sizes in MRS (34, 37) . For larger VOIs, the pulse duration can be shortened, making the excitation pattern more robust to B 0 variations. The pulse shape, directly derived from the Fourier theorem, does not require knowledge of the magnetic field distribution. Although better excitation patterns can be designed using B 0 and B 1 maps, field map acquisitions would prolong the total execution time for adjustment of the shims. Using an iterative shimming method makes the exact fidelity of the excitation profile less important, and fast B 0 mapping can be achieved using simple numerical tools and minimal RF energy deposition.
B 0 variations can distort the ideally cylindrical excitation pattern because of the long RF pulse duration (14, 15) . At 7T and for a 5-ms pulse, moderate blurring of the profile is expected for small B 0 perturbations (0-1 ppm). However, larger frequency offsets can lead to severe signal reduction, spatial distortions and unwanted FIG. 3 . Water spectral linewidth (in Hz) obtained in vivo after localized shimming using multidimensional excitation pulses and reference values from (34) . *indicates that the two distributions are significantly different (P < 0.05). The error bars represent standard deviations across subjects (N ¼ 7 and 14, respectively). excitation that affect the selection profile (14) and thus the convergence of the algorithm. This problem was minimized by performing global shimming before the localized technique. When exciting at the water frequency, lipids will experience strong off-resonance effects around 3.3 to 3.5 ppm (43) during the RF excitation. Unwanted excitation can occur on the edges of the brain and add to the total MR signal of the projection. This situation can be mitigated by using presaturation of the unwanted resonances when the convergence of the shimming algorithm is hindered. One case of moderate fat contribution to the water signal (< 10 %) was observed in this study, however, without any effect on the shimming efficiency.
In the absence of B 1 shimming, adiabatic RF pulse durations must be kept long enough so that the whole brain area can be covered with sufficiently high efficiency. This is particularly true for the very energetic inversion pulses that are used to refocus the magnetization along thin slabs, and that must remain below hardware power constraints. Those limitations directly impact the resulting SAR and, indirectly, the total acquisition time of the sequence. Depending on the subject, the minimum available TR varied between 2600 and 3800 ms for a single iteration of the adiabatic implementation of FAST-MAP/FASTESTMAP. The adiabatic RF pulses used in this study (hyperbolic secant, HS8) were not SARoptimized. Given the tremendous SAR reduction (À99 %) compared with HS8, 2D-RF pulses are expected to deposit far less energy than any combination of five "low-SAR adiabatic RF pulses" (including four inversion pulses).
As previously shown (9), adiabatic RF pulses are not necessary for the convergence of the shimming algorithm. More generally, during a spectroscopic experiment a step is to determine the local B 1 inside the VOI to counteract the intrinsic low SNR in MRS and achieve efficient OVS and WS (13, 29) . This is usually performed by adjusting the voltage sent during MR acquisition and maximizing the received signal. Adjusting the flip angle also ensures sufficient signal during the shimming process. Nevertheless, adiabatic pulses perform better in locations with poor B 1 coverage, at the expense of increased SAR. This impact on SAR is magnified due to the nonlinear phase accumulated during adiabatic refocusing pulses, which need to be used in pairs. Here the MR signal from the excited slab is directly refocused using MR gradients and a single low-amplitude 2D-RF pulse replaces five SAR-intensive pulses.
In this study, we were unable to detect any difference in terms of step-wise convergence of the iterative shimming algorithm, as evidenced by the equivalent MR signal level reached by the two techniques. After further maximization of the SNR per unit time (TR ¼ 125 ms, NA ¼ 4, FA ¼ 15 ), dynamic monitoring of the shim changes found by the algorithm after each step suggested that the protocol can be further optimized by reducing the number of iterations before the second-order shims adjustments. Efficient shimming requires for instance less than 24 s in the occipital lobe or posterior cingulate. In general, the total execution time suffers very little from additional steps (þ3/6 s per iteration), making the protocol all the more suitable for in vivo studies.
The main interest of using 2D-RF pulses relies in the increased speed of the resulting shimming protocol. This assumption is valid when TR is constrained due to SAR limitations and/or spin relaxation considerations. In practice, this phenomenon only appears when performing MRI/MRS at ultrahigh field (> 3T). At lower field, T 1 is smaller and the energy deposited by the RF pulses does not restrict the use of small TRs. Both techniques are then equivalent and converge rapidly to optimal shim values.
One could also consider the benefit of 2D-RF localized shimming compared with a nonadiabatic SE implementation of FASTMAP or FASTESTMAP. While a nonadiabatic SE sequence would deposit less RF energy than the full adiabatic sequence (rSAR in the range [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] % using conventional RF pulses, depending on their durations), it could fail to provide a strong and clean localized MR signal at small repetition times (125-500 ms) due to partial T 1 relaxation after spin inversion. This does not affect 2D-RF pulses, that can also benefit from shorter TR through increase of the SNR per unit time when used in the small tip angle regime.
Our 2D-RF pulses were found insensitive to small motion and performed well toward the upper end of the small tip angle regime. In addition, the RF amplifier and gradient system (including pre-emphasis unit) performed robustly and ensured reproducibility and reliability of the results. Should that not be the case, various techniques have been developed to compensate for distorted kspace trajectories, correct for eddy currents and calibrate the gradient system (27, (44) (45) (46) . Most of these techniques only require a single calibration, so that reliable k-space spiral trajectories can still be rapidly generated once this process is done.
Notably, localized shimming combined with multidimensional pulses converged in less than a minute in almost all brain regions tested. The protocol detailed in this work only failed in the pons, with both RF pulse implementations. Near this location, dedicated passive intra-oral shimming (47) and B 1 shimming (34) might be needed to compensate for the extremely poor and inhomogeneous B 0 and B 1 coverage, respectively.
We chose to focus here on localized shimming on small volumes, where B 1 can be considered homogeneous. However, adiabatic pulses can still remain a better choice when the VOI is large and includes one or several signal drop-out areas. The 3D B 0 mapping techniques perform also well for full brain shimming, and limitations mainly arise from the number of spherical harmonic orders that can be tuned with an available set of shim coils.
We conclude that the technique introduced in this study constitutes a fast low-SAR alternative to conventional projection mapping using adiabatic RF pulses. The 2D-RF pulses provide sufficient selectivity to rapidly map the local B 0 in vivo and iteratively converge toward the optimal shim settings.
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